I. Introduction
The early progress in optoelectronic materials has been accompanied by an enhancement of the number of characterization techniques of these materials. Among these techniques, the Cathodoluminescence (CL) has been used as a very important tool for the study of direct band-gap semiconducting materiaIs/l,Z/, often used in optoelectronics.
Usually, the structure of an optoelectronic device includes several epitaxial layers with different chemical compositions (heterostructures) . To evaluate the properties of these epilayers and heterointerfaces, many authors are working in isotype double-heterostructures (namely, structures w i t h different chemical compositions but identically doped) using CL or photoluminescence measurements /3,4,5/. In these works, the quantum eEickncy of the layers, the recombination velocity of the interfaws and some energy band .properties have been evaluated. In these experiments problems due to the electricdL junctbn (in an actual laser device, related to doping differences) or due to the final device fabrication can not be observed. Consequently, it seems to be interesting to investigab the CL poss&ili&s a s a characterizatbn technique for double-heterojunction lasers (DH-lasers) .
For this purpose, we have analysed the CL line-scan signal from cleaved laser surfaces. The qudlity and spatial homogeneity of GaA1As/GaAs and InGaAsP/InP DH-lasers have been observed w i t h spectroscopically resolved CL.
11. General considerations 1I.a. Cathodoluminescence.
The scanning electron microscope (SEM) CL-mode can be used for high spatially resolved observation of the h a l properties of semiconducting materials /1,2,3/. The recent technological developments of the light collection systems and of the cold stages, have enhanced the possibilities of this technique. Spectral CL is used to improve the available information on the different physical processes that can occur in the sample when it is bombarded by an electron beam. It is often interesting to work a t low temperature, where excitonic emissions predominate, e.g.: free-exciton, bound-exciton and donor-acceptor transitions; the corresponding CL signals can be used, for example, to observe quantum-well' homogeneity /6/ (1) Supported by CNPq and FUNCAMP from Brazil Article published online by EDP Sciences and available at http://dx.doi.org/10. 1051/jphyscol:1989607 or to identify bcal deep-level transitions /7/. When the CL signal is weak, the low-temperature condition is also often suitable, since it enhances the CL e m i e n c y of the sample / 8 / .
A t room temperature, band-b-band and deep-level transitions predominate within the CL sign& Room-temperature CL measurements have been used to evaluate several semiconductor parameters. In the case of a homogeneous crystdl or a thick layer (semi-infiite semiconductor), the variation of the CL intensity with the electron beam voltage, when compared to the theoretical calculations, makes it possible t o evaluate the minority carrier diEusion length, the surface recombination velocity and the optical absorption coefficient of the sample /9,10/. The theoretical approaches are based on a diffusion equation w i t h suitable boundary conditions /11/ and a generation funcmn (or depth-dose distribution) of excess carriers. To interpret qualitatively our experimental measurements, we are led to use a very fine generation function, since the dimensions of the studied layers are s m a l l in comparison to the g e n e r a~n volume. W e have found an analytical expression for the generation function including three Gaussian terms /20/. These Gaussian functions have their variances correlated to the Griin range /a/. The amplitudes of each Gaussian t e r m is dlso a Gaussian functiDn of the depth. The first Gaussian predominates far from the impact point : it represents the backscattered electrons contxibution. The second one is correlated to low angle inelastic scattering: it is important near the impact point. The third one is due to the primary electrons themselves, and it has to be taken into account only for depths greater than the inelastic mean free path. This expression gives a good agreement with Monte Carlo calculations for a mean atomic number 2=30 (which is the case for the majority of 111-V semiconducting compounds) a t every primary energy from 10 to 60 keV.
1I.b.Generation function

1I.c. Double-heterojuncthn lasers
The mate&& commonly used for DH-laser fabricatbn are the m -V compounds /22/. The choke of these materials is related to several advantages. For example, for a good epitaxial growth, it is possible to choose from a large range of alloys composkbn with different energy-gaps and lattice parameters nearly equal to the substrate ones ( the substrates commonly used are GaAs or InP wafers).
In figure 1 we show a scheme of a DH-laser stxucture. During the device operation, the radiative recombination is limited t o a thin layer, named the active layer. This active layer is sandwiched between two layers of larger gap and of lower refractive index. These layers play the role of electrical and optical confinement and so, it is possible to obtain the high injection level necessary to produce the stimulated emission /23j. The resonant cavity of the laser is obtained by two cleaved facets in the (110) direction. Usually, the epitaxial growth is initiated by a buffer layer to eliminate the influence of the substrate defects on the quality of the next epita;ddl layers. Folbwing the doubb heterojuncmn structure, a contact layer with a high doping level is grown on the top of the c r y s t d After the growth, the crystal. is submitted to several technological processes necessary for the device fabrication, e.g.: thinning, cleavage, film evaporation, alloying and so on /22/.
The device reliability and performance are related to the quality and control of these processes. Some of the characteristics that can be modified during these steps are, for example: the efficiency of the active layer, the trap densities a t the heterointerfaces, the current leakage, regions with lccal absorptions or non-radiative recombination sites, the thermal conductivity of the layers, the quality of the mirror facets, etc.
The aim of this work is to study the possib&iies of the CL technique in the evaluation of the properties listed above and of the influence of each technological process on these properties. This study may be useful to improve the quality and the reliability of the final device. .
Influence of the forward bias on the energy bands of. a heterojunction : a) scheme of the semiconductor structure; b) without external bias; c) with a low bias o r an internal polarization; d) with a high forward bias.
m.Exp&entdL procedure
In our experiments, the CL signal is obtained when the electron beam scans on a cleaved surface perpendicularly to the junction plane (see fig. 1 ). This signal is compared to the EBIC and to the Electroluminescence (EL) signals for a good interpretation of the experimental results.
Many studies using the CL and EBIC line-scans across a junction have been published, specially for Gap diodes /24,25,26,27/. A s we can observe in these measurements, the CL signal is minimum when the electron beam is localized in the depletion region. To observe successfuXy the active layer emission of a DH-laser It is then necessary to decrease the depletion zone width to reduce the effect of carrier separation. This effect can be avoided by the application of an external bias /28/ or by the creation of an internal polarization due to a local accumulation of carriers generated by the eledhron beam itself.
If one side of the DH-laser sample is connected to the grounti and if the other one is not e l e d x k l l y connected, the excess carriers can drift to the disconnected region and reduce the fixed charge density therein (figure 2b). After a sufficient concentration of excess carriers, we can ob@ an equilibrium regime when some electron-hole pairs generated may be confined in the active layer and so are able to recombine radiatively (figure 2c). This effect which reduces the "EBIC" and enhances the CL is in compeWn with the non-radiative recombination process on traps a t the heterointerfaces. So, for a given trap density we can obtain a different equilibrium regime for each excitation condition. It IS i n t e r e s~g to note that, in this condithn, by increasing the excess carrier density, we can attempt the regime of the stimulated emission in the active layer.
Our measurements are made on the SEM JEOL-JSM 840 where the electron source is a LaB6 crystid Figure 3 is a schem'e of the experimental configuration. The CL signal i s collected by an eUlp&al mirror and guided to the spectrometer by a light pipe. The Germanium avalanche-photodiode signal is ampli£kd and recorded using a mini-computer (or a recorder). The signal-to-noise ratio is improved by a beam-blanking device and a h k -i n amplifier.
The electron beam current is measured using a Faraday cup device and a picoammeter. A bw-noise DC power supply is used to bias the sample, and t h e injected current throughout the sample is controlled during the experiment The use of the beam blanking device and the lock-in amplifier &ws the measurement of the pulsed CL and EBIC signals separated from the Electroluminescence (EL) signal and m e injected continuous current (similarly to ref. 28) . ii) InP/InGaAsP DH-lasers (two samples): grown by liquid phase epitaxy (LPE). In this case, cadmium is used a s acceptor and tm as donor in both samples. I t is important to note three differences between these samples: the sample #4 is an as-grown crystdl whereas the sample #5 is a final device. In figures 4 and 5 the filtered CL intensity is plotted along a line-scan perpendicular to the junction plane on the cleaved facet (110) of the GaAlAs/GaAs DH-lasers (#I, #2 and #3). In this work, the applied accelerating voltage for the electron beam is always 10 kV. W e can also observe that the emissions from the GaAlAs layers (h4.68 micron) are minima near the active region. The maximum of these signals a r e characteristic of the internal efficiency of each confinement layer, of its minority carrier diffusion length and of the surface and interface recombination velocities. I t is interesting to note that, for these samples, the CL intensity is always low for the Be-doped MBE layer. This result is the same for the samples #2 and #3 which means that the internal e f e i e n c y of the Be-doped layer is weak wherever it is grown: after the buffer layer (#2) or after the active layer (#3); if we compare the CL intensity from the different buffer layers, we can see that the CL signal of the MBE Si-doped buffer layer is, a t least, six times stronger than the CL signal of the Be-doped ones.
I t seems that the low efficiency of the Be-doped layers is due basically to the s m a l l ionic radius of t h e beryllium atom which enhances the probability for it to lie a t an interstitial site. 
REVUE DE PHYSIQUE A P P L I Q~E
For the Si-doped MOCVD layers we detect a noq..intentional variation of the aluminium concentration giving very thin layers (10 nanometers) w i t h different energy gaps; each of these layers can play the same role as a quantum-well and they are randomly distributed within the confinement layer.
FIGURES 4 : CL line-scans of the MBE DH-lasers. The normal line represents the GaAs signal The dotted line is the CL signal from the GaAlAs layers of the sample w i t h the P-type layer in the surface (#3) and the discontinuous line represents the GaAlAs CL from the sample with the N-type layer in the surface (#a). A s we can observe, in these measurements it is possible to obtain some information about the confinement layer and the buffer layer, but it is very d i f f i c a to analyse the active layer, since the CL signal of the buffer layer (which have an energy gap nearly equal to the active layer ones) always dominate the CL line-scan (when the electcon beam is on the active layer, the generation volume overlaps the confinement layer so the minority carriers can diffuse to the buffer layer and recombine therein). In the active region, the carrier drift reduces the radiative recombination probability, and we do not observe any important difference on the CL line-scans of these samples, even a t very high excitation conditidns. In this case, it is preferable to use the EBIC measurements to evaluate the collection efficiency af the diode.
Following the same experimental conditions, we have made CL line-scans on the as-grown LPE InGaAsP DH-laser (#4). A t relatively low-injection conditions (Ib<20nA), we can observe, similarly to the GaAlAs samples, the strong signal. of the buffer layer and the signal of the confinement N-doped layer. A t the wavelength corresponding the active layer emission ( h = 1.3 micron), we note again a monotonous progression of the CL-signal when the beam scans from the surface to the substrate. After verification, it is demonstrated that the enhancement of the CL line-scan in this wavelength is caused by deep-level transitions in the InP buffer layer.
In figure 6 , we show the variatbn of the CL line-scan with the electron beam current W e can observe that for a beam current of 20nA a little "peak" appears i n the region of the active layer. It means that the auto-polarization effect begins to enhance the radiative recombination .
This regune corresponds to a locdl saturation of the traps a t the heterointerfaces and it is possible to map the density of traps dLong the junction plane, by measuring the different values of the beam current necessary to promove this regime. Using this "threshold" value and calculating the correspondent density of pairs generated into the active layer, we can estimate locally the product N X where N is the trap density, z, , and 7, the non-radiative and the radiative lifetimes respectively. This sample was very homogeneous and the average value obtained is N =~. O X~O ' +~, cm-2. IX we consider the ratio a, / t, -0.1, w e obtain an estimated value for N in the order of 101tm-2. figure 6 , for a beam current of 100 nA, we observe that the CL intensity of the active layer increases strongly. It means that a regime of stimulated emission is obtained.
The evolution of the CL intensity as a function of the beam current is shown in figure  7 . For the active layer characteristic emission, in the range of 20 nA and approximately 50 nA, we observe a quadratic regime. In this steady-state condition, a part of the excess carriers recombines non-radiatively, another one drifts and reduces the fixed charge density; so, the probabifity of radiative recombination in the active layer is enhanced. Furthermore, calculating the excess carriers density, we can observe that we are in the regime of bmolecular recombination which can explain the quadratic dependence. For these excitation conditions, the emission of the active layer becomes stronger than the deep-level ones and we are able to characterize the active layer itself. For example, a map of the k a l CL effkiency can be made.
After 50 nA, the CL intensity increases very rapidly (sbpe>5). It corresponds to a regime of stimulated emission. This threshold current for the local stimulated emission gives a calculated carrier density of 6x1017 cm-3, by using our generation function and a given z (total minority carriers lifetime) of 10-9 seconds. In this condition, it & possible to obtain a map of the optical gain, without the influence of the facet mirrors and of the ohmic contacts. In order to verify our assumption of a stimulated emission, we have also measured the variation of the CL signal from the InP layers (where the smulated emissshn is not expected) as a function of the beam current. A s we show in figure 7, even a t 100 nA, the quasi-linear regime is maintained for these layers.
In order to control the effective stimulated emission phenomena, we have observed the evolution of the CL spectra with the beam current In figure 8a we show the active layer CL spectra a t a low-excitation condition. By increasing the beam current, several peaks appear on the spectra ( fig. 8b and 8c) . They could be related to chemical compositiDn varia&ns in the excited region. This observation can be correlated, for instance, to the demischus phenomena observed in this aJloy when it is grown by LPE /29/, and this could be spectrally verified only in the conditions of stimulated emission.
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FIGURE 8 : Evolution of the CL spectra from the quaternary active layer as a fun-n of the electron-beam current
The next results were obtained for the final laser device. For this sample, with one side disconnected, the CL signal of the active layer was only observed a t high excitation conditions (500 nA, 10kV).
When the tsap density a t the heterointedaces is sufficiently high to avoid the auto-polarization effect, even a t high excitation conditions for the SEM, it is still possible to observe the CL signal of the active layer by applying an external forward bias a t the diode (see figure 2c) . Similarly, a part of the excess carriers generated by the electron beam can be confined into the adive layer and recombines radiatively, when the sample is sufficiently externally biased.
In figure 9 we have plotted versus the external bias: the diode injected current, the CL signal of the active layer, the EBIC and the EL signal for a given excitation cond-n (namely 100 nA, 10 keV).
In this figure, we can observe that the CL signal from the active layer appears w i t h a very low bias (0.3 V), while the EBIC is still important. In this condition we can map by CL, the internal ef£i&ncy of the active layer and by EBIC, the homogeneity of the e k c t r b l junction. The c o m p e m n between these two phenomena is evident in this figure.
B I A S
FIGURE 2 : Influence of the external bias on the following signals: the full squares represent the EBIC signdl. the full triangles correspond to the CL signal of the active layer (1.5 micron), we can observe the "competition" between these two signals. The electsoluminescence and the injected current in the sample are also represented. To avoid some mistakes in the interpretation of these curves, the inset: shows the direct I-V characteristic curve of this diode (all our measurements have been made in the non-ohmic region of the dbde, cf. A).
FIGURE 10 : Influence of the external forward bias on the CL line-scan pattern. W e can observe the decreasing and the broadening of the line-scan as the forward bias is increased.
When the EBIC is negligible (bias>0.5 V), the major part of the excess carriers recombine radiatively and the CL signal grows linearly with the direct injected current. In this regime it is possible to obtain a map of the carriers injected by t h e external bias, that means, the current confinement of the device. This regime is also suitable to characterize, for instance, l o w effxzient diodes (for example, degraded lasers), since the injected current plays the role of an internal arnplifikr for the CL signal. Unfortunately, this is not the case for high forward bias. With bias grenter than 0.5V, the EL signal increases much more rapidly than the CL sign& It means t h a t the radiative recombination transitions results more from t h e majority carriers injected a t each side of t h e junction than from t h e electron-hole pairs generated within the active layer. Furthermore, a t higher forward bias, when t h e externally applied ehctric field is greater than t h e energy gap (v-E,/e), the excess carriers generated by the electron beam can drift outside of t h e active layer (see figure 2d) . So, they w i l l drift in t h e same way a s the injected carriers and contribute to the EL signal. Consequently, the CL signal decreases and remains independent of the electron beam position on the sample.
Obviously, this situation is not suitable f o r SEM observations. Figure 10 illustrates this phenomena.
V. Conclusion
To analyse a DH-laser we a r e mainly interested in the study of its active layer, but t h e presence of a space charge region (heterojunction) reduces considerably the CL signal from this layer. In this work, we show how the polarization effects may be used to enhance the CL signal from the active layer. The analysis of the CL signal from a cleaved surface was used to obtain important information about the quality and homogeneity of the epilayers and heterointerfaces.
I n the goal of reducing the electrical field in the active region, we study the effect of the auto-polarization on an as-grown DH-laser and t h e regime of stimulated emission is obtained. In the case of a final device, an external forward bias is applied. In this condition, it is possible to observe the CL and EBIC signals simultaneously with t h e EL signal. An analysis of the dependence of these signals with t h e applied voltage bias is very useful to interpret the measurements and to study several propert& of the device (the current confinement, for example). Furthermore, t h e forward bias may be used to increase the CL intensity, which is very interesting to study ( a t room temperature) devices with low CL efficiency.
In conclusion, our experiments show t h a t the CL may be used a s a powerfull technique for DH-laser characterization. As we analyse t h e CL signal from a cleaved facet (usually, in t h e (110) direction), we a r e able to observe, in t h e same experimental conditions, an as-grown o r a final laser. This is important to evaluate the actual influence of each technological process in the characteristics of t h e final device. Furthermore, the heterojundon may be considered a s a "defect" region, because it is a region with a local electrical field and a bcal minority carriers Metime different from the "bulk" material. The technique used in this work can give some contributions to a best comprehension of t h e influence of an "anomalous" region in the diffuskn and the generation of excess carriers in a semiconducting m a t e d
